For the MCF10A cells, the RBE was determined for 1 GeV/nucleon iron ions and was found to be 5.5 ؎ 0.9, slightly higher than for V79 cells. To test the effect of shielding, the 1 GeV/nucleon iron-ion beam was intercepted by various thicknesses of high-density polyethylene plastic absorbers, which resulted in energy loss and fragmentation. It was found that the MN yield for V79 cells placed behind the absorbers decreased in proportion to the decrease in dose both before and after the iron-ion Bragg peak, indicating that RBE did not change significantly due to shielding except in the Bragg peak region. At the Bragg peak itself with an entrance dose of 0.5 Gy, where the LET is very high from stopping lowenergy iron ions, the effectiveness for MN formation per unit dose was decreased compared to non-Bragg peak areas.
INTRODUCTION
Estimation of risk from highly charged high-energy (HZE) ions in the space environment depends critically on measured values of the relative biological effectiveness (RBE) for cancer induction and other end points (1, 2) . Of particular concern is the deep penetration of such high-LET particles to all organs of the body, a situation not experienced in the Earth environment. Published values of RBE as a function of linear energy transfer (LET) are highly variable for low doses; see ref. (2) for a review. Since ionizing radiation is predominantly a clastogenic agent, cytogenetic end points are highly relevant, particularly since cytogenetic damage has been implicated in carcinogenesis. Since RBE for most end points has been found to depend on dose, of special interest for risk estimation is the RBE at the lowest doses possible, generally the maximum RBE (RBE max or the Q factor).
The cytokinesis-block micronucleus (MN) assay has been used previously to assess cytogenetic damage induced by HZE ions. Brooks et al. (3, 4) studied MN induction in vivo in the trachea and deep lung of the rat and obtained RBE values of 0.9 to 3.3 for 1 GeV/nucleon iron ions, with 60 Co ␥ rays as the reference radiation. A similar RBE of 3.2 was measured for chromosome aberrations in bone marrow cells. These are much lower RBE values than previously observed for ␣ particles with similar LET from radon daughters. This suggests that track structure parameters other than LET are important. The authors suggest that cells traversed by iron ions are often killed or blocked in the cell cycle and are not contributing to the cells that divide and give rise to micronuclei, thus giving a bias to cells that were traversed only by secondary low-LET ␦ rays. The extent to which cell cycle arrest and radiation sensitivity will have an impact on the biological end point measured will depend on the cell type. Most previously published chromosome aberration studies using HZE ions have been done with human lymphocytes (5, 6) , a cell type that undergoes apoptosis more readily with damage. Thus results using lymphocytes may not be representative of more radioresistant cell types, particularly not for high-LET radiation, where a single hit will produce a significant, potentially lethal dose to a sensitive cell. In this study, we determined the RBE for more radioresistant epithelial and fibroblast cells based on MN formation after iron-ion exposure.
MATERIALS AND METHODS

Cells and Cell Culture
Chinese hamster V79 lung fibroblasts and DNA double-strand break repair-deficient xrs6 Chinese hamster ovary cells (deficient in Ku80) were cultured in ␣-MEM (minimum essential medium) (Gibco) with 10% FBS (fetal bovine serum) (Gibco), 2 mM L-glutamine (Gibco), 100 U/ml penicillin:streptomycin solution plus Fungizone (Gibco) containing 0.25 g/ ml Amphotericin B, and 10 mM Hepes buffer (Sigma). MCF10A human mammary epithelial cells (7) were cultured in serum-free MEBM (mammary epithelial basal medium with bicarbonate and phenol red; Cambrex) with 70 g/ml BPE (bovine pituitary extract), 5 ng/ml human EGF (epidermal growth factor), 0.5 g/ml hydrocortisone, 5 g/ml insulin (SingleQuot Kit; Cambrex), and 100 ng/ml cholera toxin (Sigma).
Cells were cultured in 25-cm 2 or 75-cm 2 tissue culture flasks (Gibco) and incubated at 37ЊC under 5% CO 2 and 95% air. For passage, V79 and xrs6 cells were trypsinized (0.1% trypsin with 0.5 mM EDTA, Gibco) at 37ЊC for 3-5 min, and trypsinization was stopped by adding medium containing 10% FBS. MCF10A cells were washed twice with trypsin (0.05% trypsin with 0.5 mM EDTA, Invitrogen), and trypsinization was stopped using soybean trypsin inhibitor (1 mg/ml; Sigma). After the cells detached from the flask, they were washed once in PBS before being reseeded in appropriate numbers. For the micronucleus assay, cells were seeded 2 days in advance of the exposure in T-25 flasks with about 10 
Irradiations
Cells in exponential growth were exposed to iron ions at the NASA Space Radiation Laboratory (NSRL) radiation facility at Brookhaven National Laboratory (BNL). The cells were irradiated at room temperature; it took between 5 and 10 min for exposure and for moving the flasks from the source back to the tissue culture room.
To evaluate statistical variation and errors, duplicate samples of Chinese hamster V79 and xrs6 cells were irradiated at two independent beam times (at the NSRL-5 and NSRL-6 runs) with 1 GeV/nucleon iron ions and at two independent beam times (at the NSRL-5 and NSRL-7 runs) with 600 MeV/nucleon iron ions for a total of four samples for each energy. Due to limitation in availability of beam time, triplicate samples of these cells were irradiated with 300 MeV/nucleon iron ions during a single experiment (at the NSRL-6 run). The human MCF10A cells were irradiated with 1 GeV/nucleon iron ions in triplicates in one experiment (at the NSRL-06B run).
Precise dosimetry was carried out as described previously (8) . For the experiments with shielding, high-density polyethylene plastic of various thicknesses was inserted in the beam. A CCD camera that viewed a fluorescent screen behind the cell culture flasks (a regular part of the beamline setup) was used to image the cell culture flasks during irradiation. Using this system, it was possible to fine-tune the absorber thickness to position the Bragg peak exactly at the cell layer.
X irradiation was performed at Lawrence Berkeley National Laboratory (LBNL) with 320 kVp X rays with 0.5 mm copper filtration. A calibrated ion chamber with temperature and pressure correction (RadCal Corporation) was used for dosimetry. For the rodent cells (V79 and xrs6) three independent experiments were performed, and for the human cells (MCF10A) two independent experiments were performed with duplicate samples in one experiment. )/LET (keV/m).
Cytokinesis-Block Micronucleus Assay
The cytokinesis-block micronucleus assay (9) was used. Cytochalasin B at a concentration of 3 g/ml was added directly after exposure, followed by 24 h incubation at 37ЊC (Chinese hamster cells) or 48 h incubation at 37ЊC (human MCF10A cells). For iron-ion exposures, the cells were incubated at 37ЊC at the NSRL facility for the first 6 h after irradiation before they were transported to the Medical Department at BNL, where they were incubated for additional time depending on the cell line. In this way temperature shifts were avoided during the first hours after exposure, which could be critical for DNA repair and for the reproducibility of the micronucleus assay.
The cells were then trypsinized, centrifuged and resuspended in 7 ml 0.075 M potassium chloride for 10 min at 37ЊC. Fixation was performed by adding 3 ml of 100% methanol to each centrifuge tube and incubating the cells for at least 1 h at room temperature, followed by fixation twice in acetic acid/methanol (1:3). Fixed cells were either cytospun onto glass slides or dropped onto wet slides. The Chinese hamster cells were stained with Diff Quick (Dade Behring) following the manufacturer's protocol. Because of a more prominent cytoplasm, the human MCF10A cells were better stained with 10 g/ml acridine orange in PBS. The slides were coded and scored blindly. For each sample, micronucleus formation in 1000 binucleated cells was scored following the scoring criteria described in detail by Fenech et al. (9) , and the results were plotted as the total number of micronuclei in 100 cells. Examples of binucleated cells with and without a micronucleus are shown in Fig. 1 .
RESULTS
Doses and Fluences
The experiments were performed using iron ions at doses of 0-1.0 Gy. To calculate the average number of iron-ion hits per cell nucleus at these doses, it was first necessary to determine the average nuclear areas of live cells. This was measured using image analysis software after labeling the cells with Hoechst 33342. Table 1 shows the results including the average number of hits per cell for the different doses and iron-ion energies. For doses below 0.1 Gy, cells typically experienced a single traversal. This is the most relevant situation for risk estimation at the dose rates expected in the space environment.
Micronucleus Formation in DSB Repair-Competent Cells
Micronucleus formation was measured in Chinese hamster V79 cells exposed to three different energies of iron ions and to X rays, with emphasis given to low doses below 0.5 Gy. The results are shown in the left panels of Fig. 2 . Samples were exposed at least in triplicate (see the Materials and Methods for details), and the data were fitted with second-order polynomials to determine the initial slope and to accommodate the slight curvature at higher doses. The initial slopes at low doses were determined by the linear coefficient (␣ value) and the RBE was calculated by dividing the ␣ value of the respective iron ion by the ␣ value of X rays. As shown in Table 2 and Fig. 3 , the RBE increased with increasing LET from 3.1 to 5.7.
For 1 GeV/nucleon iron ions, micronucleus formation was also measured in MCF10A human mammary epithelial cells (Fig. 4) . For these cells, an RBE of 5.5 was obtained, which was slightly above the value for V79 cells exposed to the same iron-ion energy. The higher value for the MCF10A cells is due to a lower MN induction for X rays rather than a higher value for iron ions, as noted in Table 2 .
Micronucleus Formation in DSB Repair-Deficient Cells
MN induction was also measured in DSB repair-deficient Chinese hamster xrs6 cells (Fig. 2, right panels) . These cells had a high rate of MN induction for X rays, reflecting their inability to repair DSBs. However, the rate of MN induction after iron-ion exposure was generally slightly lower than for X rays, with an initial rate of induction (␣ value) similar to that for X rays, resulting in RBE values close to unity (Table 2 and Fig. 3) .
Effect of Shielding
To test the effect of shielding, various thicknesses (0-30 cm) of high-density (tissue-equivalent) polyethylene absorbers were inserted between the 1 GeV/nucleon iron-ion beam and the targets in the form of V79 or xrs6 cell culture flasks. The same absorbers were also used to obtain the dose as a function of absorber thickness (Bragg curve). For each exposure, the dose was set at 0.5 Gy at the entrance of the absorbers, and the dose to the samples was determined by the Bragg curve. As seen in Fig. 5 , the MN induction frequency as a function of absorber thickness was proportional to dose with the exception of cells exposed within the iron-ion Bragg peak.
DISCUSSION
Micronuclei are believed to form from acentric fragments and to a lesser extent to reflect other types of mitotic failure. In both cases, genomic material left behind in anaphase may not be included in one of the daughter nuclei and thus may form separate micronuclei. Acentric fragments often occur in conjunction with formation of dicentric chromosomes, and dicentrics are believed to occur with the same yield as translocations. Therefore, MN formation can be seen as a diagnostic tool for cytogenetic damage in general, both damage that often is regarded mainly as being lethal (dicentrics) and damage that is regarded mainly as easily propagated to the progeny (translocations). Since acentric fragments can also be incorporated in one or the other of 
FIG. 3. RBE as a function of LET for micronucleus formation in V79 cells (normal DSB repair) and xrs6 cells (deficient in NHEJ)
. Results are for iron ions compared to 300 kVp X rays. the daughter nuclei, both deletions and duplications could result, which are both typical of radiation-induced cancer cells as revealed by comparative genomic hybridization (CGH) analysis (10) . We therefore consider MN formation to be a relevant end point to measure the clastogenic potential of different radiations with relevance to carcinogenesis.
From a practical point of view, MN formation is a very sensitive assay due to the ease and quickness of scoring, allowing for a good statistical accuracy. In the present work, the induction curves were each the result of scoring 24,000 binucleated cells (blindly) at a speed of about 2000 cells per hour by an experienced scorer. This allowed the determination of an accurate RBE for doses below 0.3 Gy, when typically cells are traversed by single tracks from the high-LET radiations tested. This situation is much more relevant to the situation in space travel than is the use of higher doses, when cells typically are traversed by multiple tracks.
The studies by Bonassi et al. (11) support the hypothesis that MN frequency, as measured in peripheral blood lymphocytes, is a predictive biomarker of cancer risk and reflects the occurrence of early carcinogenic events. Some limitations with respect to the micronucleus assay were noted, such as interscorer variability, which can be ruled out for our study since all the samples were prepared and scored by the same persons. A second limitation of the assay is that radiation may affect cell proliferation, but at the low doses used in our study no effect on proliferation was observed (data not shown), which is essential for the acceptance of the micronucleus assay (12) .
Most previously published studies assessing the RBE for cytogenetic damage after HZE-particle exposure have been carried out using human lymphocytes (5, 6) . It should be pointed out that such cells are very radiosensitive, particularly with respect to apoptosis and cell cycle delays (13) . As a result, the ''overkill'' effect that is believed to be responsible for the lowering of observable biological effects at very high LETs will come into play at lower LETs for such cells compared to more radioresistant cells. This probably explains why the maximum cytogenetic damage for lymphocytes was observed for 1 GeV/nucleon iron ions (LET ϭ 150 keV/m), and declining RBEs were obtained for increasing LETs due to the overkill effect. For the more radioresistant V79 cells in our study, we observed a continuous increase in RBE with LET up to at least 250 keV/ m (for 300 MeV/nucleon iron ions). It is clear that the RBE/LET relationship will depend on the cell type for this reason and that a single universal relationship of a ''quality factor'' as a function of LET is an oversimplification.
Bettega et al. (14) measured RBE values for clonogenic survival and delayed reproductive death in cells of a human fibroblast cell line (AG1522) exposed to iron ions. These cells show quite low rates of apoptosis at low doses (15) and are more likely to undergo temporary or permanent cell cycle delays (16) . It was found that RBE values peak at 140 keV/m (1 GeV/nucleon iron ions) for delayed reproductive death and at 200 keV/m (500 MeV/nucleon iron ions) for survival. After exposure to 200 MeV/nucleon iron ions (442 keV/m), the RBE dropped for both biological end points, while in our studies we still see an increase in the RBE for micronucleus formation at our highest LET of 235 keV/m (300 MeV/nucleon) iron ions. Bettega et al. (14) explained the drop in RBE for survival to be due to the fact that only about 50% of the cells were actually traversed by an iron ion at this high LET at a dose of 0.25 Gy. Another explanation for the different results could be that for both assays used by Bettega et al. the cells have to undergo at least six cell cycles to form a clone of at least 50 cells and therefore be counted as a surviving cell. For the MN assay we used in our study, only one passage through mitosis to form a binucleated cell is required. These different requirements for cell cycle progression after radiation exposure and the phenomenon of the overkill effect, which is dependent on the biological end point could explain the difference between RBE values as a function of LET obtained for the data on survival and micronucleus formation.
In V79 cells, Aoki et al. (17) studied the LET dependence of apoptosis and reproductive death after irradiation with carbon ions. They found an RBE maximum at 110 keV/m with a decline at higher LETs. However, the track structure of carbon ions is different from that of iron ions. High-energy iron ions have a prominent low-LET ␦-ray component that comprises approximately half of the dose, with only half of the dose concentrated on the track itself as the high-LET component. For this reason it can be expected that the RBE maximum for iron ions is shifted to higher LET values compared to lighter ions such as carbon. This is also in agreement with our results.
Durante et al. (5) studied the effect of shielding on the induction of chromosome aberrations in human lymphocytes. They point out that despite the fact that the primary 1 GeV/nucleon iron ions fragment extensively into lighter ions as they pass through the shielding material, the doseaveraged LET does not change dramatically with shielding thickness. Surprisingly, they observed a dramatic reduction of aberration frequency per unit dose as a function of shielding thickness for 1 GeV/nucleon iron ions that was not observed with 500 MeV/nucleon iron ions. They suggest that factors related to track structure other than LET must be taken into account. However, in the present work with V79 cells, we could not reproduce this result. In our hands with our cell system, we find the effectiveness per unit dose for MN induction to be nearly independent of shielding thickness, as would be expected if the dose-averaged LET does not change to a large extent. The reduction in MN induction we observe could be explained exclusively by the reduction in dose with the exception of the Bragg peak, where the effectiveness was lower. It is estimated that 89% of the primary iron ions fragment into lighter ions during passage through the absorbers and that the remaining 11% will stop at the Bragg peak with LET values of several thousand keV/m. A similar reduction of the effectiveness at the Bragg peak was recently reported by Wu et al. (18) for MN induction in primary human lymphocytes.
For the DSB repair-deficient xrs6 cells, we obtained RBE values close to 1. The difference in RBE compared to the repair-proficient cells was mainly due to an increase in MN frequency after X-ray exposure, without a similar increase for the high-LET iron ions. This result is very similar to what has been observed previously for cell survival (19) . Apparently, when the cells cannot repair DSBs, the breaks induced by high-and low-LET radiation are equally effective and differences in the complexity and distribution of the DNA damage do not seem to matter. On the other hand, repair-proficient cells can handle the breaks induced by low-LET radiation much better than those induced by high-LET radiation, presumably due to differences in DSB complexity.
The RBE values for micronucleus formation obtained here for the repair-proficient cells are at the lower end of the spectrum when compared to other RBEs published previously for end points relevant to risk in the space environment [see ref. (2) for review]. In particular, for induction of cancer in rodents (20, 21) , much higher RBEs up to 40 have been recorded. However, the generality of such high RBEs values for human risk in space, in particular with regard to induction of human cancers, is uncertain. Other high RBEs have been reported for the induction of complex aberrations (22) and initial isochromatid breaks (23) , which are inefficiently induced by low-LET radiation. However, such aberrations constitute only a small fraction of total aberrations and therefore may be less important. On the other hand, the micronucleus assay used in the present study reflects a wider range of chromosome damage and therefore may be more relevant for radiation risk assessments.
